The experimental technique of aeroacoustic imaging is critical to validate the low noise design methods of the civil transportation. In this work, we demonstrate this experimental method in a classical closed-section wind tunnel, which has been acoustically modified by installing liners to solid walls of the test section. The details of the associated acoustic modification and the aeroacoustic imaging method are introduced in this paper. The acoustic test performance is carefully examined by assessing background noise reductions and beamforming results. The experimental results suggest that the proposed acoustic modification could suppress background noise by 5 dB at 40 to 80 m/s flow speeds. The beamforming results clearly identify the dominant airframe noise sources at landing gears and high lift devices. The experimental results agree fairly well with preceding computational and empirical predictions. Hence, the proposed test method and acoustic modification design are effective, which could be considered to extend capabilities of most existing closed-section wind tunnels for aeroacoustic applications.
Introduction
Microphone arrays 1 have been adopted as the standard aeroacoustic testing equipment [2] [3] [4] in aerodynamic facilities 5 . The associated aeroacoustic experimental method in a specially modified closed-section wind tunnel is described in detail, which constitutes the main contribution of this paper.
Airframe noise is usually produced by fluid structure interactions between aerodynamic surfaces and the local turbulent flow. Generally, in a closed-section wind tunnel, the quality of test flow is good. In addition, aerodynamic experiments can be simultaneously performed along with aeroacoustic experiments.
Aviation industry has already constructed many closed-section wind tunnels in the last century, most of which were initially designed without taking acoustic needs into account. Nowadays, aeronautic researchers have strived to develop various aeroacoustic testing methods, including a dvanced signal processing algorithms 6 , recessed microphone array covered with Kevlar 4, 7 and anechoic modifications 8 to utilize existing closed-section wind tunnel facilities.
According to our experiences, aeroacoustic tests conducted in closed-section wind tunnels are subject to the following drawbacks: (1) high background noise (from fans); (2) boundary layer interferences on flush-mounted sensors; and (3) acoustic multipath reverberation from tunnel walls. To some extent, the former two issues have been addressed by advanced signal processing methods. The essential element in signal processing recipes is the preparation and postprocessing of the socalled cross-spectrum matrix to improve signal-to-noise ratio (SNR) of experimental data. Related discussions can be found in Sec. 2.
In this work, a different acoustic treatment has been performed for a classical closed-section wind tunnel at Aerodynamics Research Institute of Aviation Industry Corporation of China (AVIC ARI). Aeroacoustic tests for airframe noise have been successfully accomplished afterwards. This paper describes the experimental details and analyzes the experimental results. Our work demonstrates the potential and capability of classical closed-section wind tunnels for aeroacoustic experiments.
Facility and apparatus
Experiments were conducted in a closed return wind-tunnel at AVIC ARI. The maximum flow speed attainable in the test section is 130 m/s and the associated Reynolds number is 8.5×10 6 . The test section of the wind tunnel is 4.5m×3.5m×11m (width×height×length). A 1/12 scaled model of the commercial transport aircraft, Modern Ark 60 (MA-60), manufactured from aluminum is used to evaluate the aeroacoustic test performance of the wind tunnel (see Fig. 1 ). The angle of attack, , of the model can be controlled during tests. Various aerodynamic configurations have been tested in this work. For brevity, only the results of the layout with landing gears and flaps at deg are presented in this paper. An array consisting of 110 channels of B&K 4943 microphones is mounted on the ceiling of the test section (see Fig. 1 ) to acoustically "visualize" the location and strength of flow-induced noise sources.The microphones were recessed by almost 2 mm behind the Kevlar cloth as the yellow square to suppress interference from boundary layer flows on the tunnel wall 4, 10 . The frequency response (amplitude and phase) of each microphone is quite uniform to maintain the perfect data quality of array. The microphones form multi-arm spiral lines (see Fig. 2 ) that could largely reject spatial aliasing 10, 11 . The outputs from these 110 microphones are firstly pre-processed by preamplifiers and anti-aliasing filters. Then, the data is simultaneously sampled with a multi-channel data acquisition system by National Instruments at 48 kHz.
The coordinate system employed in this work is shown in Fig. 1 . The diameter of the array is 1.0 m. The distance from the array to the plane of the main landing gears is 1.35m and to the wings is 1.6 m. The wingspan of the scaled aircraft model is 2.433 m, the array mainly focuses on the left half airframe (see Fig. 1(b) , where the dashed line represents the frame of the array).
It should be noted that aeroacoustic tests in closed-section wind tunnels always suffer from multipath sound reflection, and are subject to interference from fan assembly noise. In this work, the entire test section was lined with porous perforated panels to absorb background noise and to reduce reflections. The facesheet of the perforated liner is steel (Q235) with the thickness of 1.5 mm. The surface porosity is 20% with orifice diameter of 3 mm. The whole lined wall incorporates large Polyurethane foam with the thickness of 210 mm. The acoustic damping of this liner design is thus inherently non-local. Aerodynamic profiles are well maintained at the inlet and outlet of the test section to maintain flow quality. A side view of the liner setup is shown in Fig. 3 . The entire look inside the test section is shown in Fig. 1 . The acoustic modification adopted in this wind tunnel is different from those performed at Virginia Polytechnic Institute and State University 11 and JAXA 9 . It can be seen that our method requires less modifications in wind tunnel, just adding a layer of lined wall together with foam material. One might argue that acoustic test performance could be compromised. A series of assessments were carried out in this work to examine the effectiveness of this new experimental setup. More specifically, a single B&K 4943 microphone was firstly installed on the supporting structure at the center of the test section to evaluate the performance of liner material in terms of background noise reduction.
The experimental results show that the lined modification effectively suppresses background noise and reflections and therefore substantially improves acoustical testing quality. Details can be found in Sec. IV. The experimental investigation was then conducted for the scaled MA-60 aircraft model at flow speeds ranging from 20 to 80 m/s, corresponding to Reynolds numbers (with respect to the chord length) of approximately 3×10 5 and 1.3×10 6 , respectively.
Beamforming
The classical beamforming method are adopted. The essential function of a sensor array is its capability in improving SNR, which can be examined by the so-called array pattern that is defined as
where
represents position of each focal point, represents position of each sensor, represents position of the noise source, and represents the origin point of the sensor array. | | is the distance between the source and the origin; | | is the distance between the source and the mth sensor; | | represent the distance between the origin and the arbitrary focus point ; | | is the distance between the mth sensor and the arbitrary focus point . We can assume that a noise source is at , the associated array pattern at 2 kHz is shown in Fig.4(a) . We use the minimal amplitude difference between the mainlobe and the sidelobes to represent SNR of the array. Figure 4(b) shows the SNR results with respect to various frequencies. It can be seen that the classical beamforming based on the present array design improves SNR by more than 10 dB at broad frequency ranges up to 17 kHz. The most effective frequency range for B&K 4943 microphone is from 3.15 Hz to 10 kHz. As a result, we mainly consider results at frequencies less than 10 kHz. 
Results and discussion
During the tests, the accuracy of flow speeds was maintained within ±0.1 m/s. The SNR of each microphone is larger than 100 dB with almost uniform gain and phase performance. Hence, any deterioration from the sensor system can be neglected. The main experimental uncertainties should come from background noise of the facility and multipath reflection. The proposed liner modification was implemented in this work to address these two issues.
The single pressure sensor installed at the center of the test section examines background noise reduction effects. The SPL results at 40, 60, and 80 m/s are compared in The small orifices of the liner, however, generate additional flow-induced noise at high frequencies. This is particularly evident for the 40 m/s case, where the SPL value is increased by up to 3.4 dB between 2 kHz and 8 kHz. Nevertheless, in terms of overall SPL (OASPL) reductions, the proposed acoustic modification is quite effective. The noise reduction in OASPL is more than 5 dB for all three test cases.
The beamforming results can further confirm the favourable effect of the proposed acoustic modification for closedsection wind tunnels. Figure 6 shows the acoustic image in SPL at , = 40 m/s and = 4 kHz, when porous perforated panel walls were installed. The imaging plane consists of 10,000 gridpoints. In this figure, the imaging region is deliberately set to a large area, 2m 2m, to show the absence of false acoustic noise sources. The dashed square in Fig.6 denotes the projection of the array. The acoustic image was prepared by averaging over the associated 1/3 octave band to further improve SNR and are normalized. From Fig.6 , it can be seen that the dominant noise sources at this test configuration are from main landing gears and high lift devices. The noise from the nose landing gear is quite weak. We can see that the nice beamforming result with a dynamic range of 8 dB is free from background interference. In contrast, the beamforming results are seriously deteriorated if the proposed porous perforated panel walls are not installed. Figure 7 shows the associated beamforming result in a more focused imaging region at z= -1.35. If we still set the dynamic range to 8 dB, the noise sources at the main landing gears and high lift devices are marginally recognizable. However, it can be seen that the entire image is unclear, full of spurious and questionable noise sources that are tagged by question marks in the figure. It is worthwhile to point out that the results shown in Figs 6-7 are not averaged in octave band. The frequency of interest is deliberately chosen at 4 kHz. According to Fig. 5 , the installation of lined walls actually increase background noise levels at frequencies around 4 kHz at 40 m/s. It seems that the suppression of multipath reflection is the main reason of achieving high quality results as shown in Fig. 6 . This comparison suggests that a simple de-reflection method 24 could be considered to address the multipath issue to some extent. As a whole, the distinctive effect of the proposed acoustic modification for closed-section wind tunnels can be demonstrated simply by comparing Figs. 6-7.
More experimental results at z =-1.35 are shown in Figs. 8-9 . For clarity, only the main part of airframe is displayed. It can be seen that the dominant noise sources are slightly different at var ious frequencies and test flow speeds. For most test conditions, landing gears are the dominant noise sources. On the other hand, noise from high lift devices is particularly evident at high frequencies. In addition, Fig. 8(a) and Fig. 9 (d) are to some extent asymmetrical, which might suggest that the corresponding experimental configurations are slightly irregular.
The integration results with respect to various frequencies are shown in Fig. 10 . It can be seen that the spectral shapes at = 40 m/s and 80 m/s are similar, with a slope of almost -30 dB/decade between 1 kHz and 10 kHz. It is worthwhile to notice that most delicate structure details are absent in the 1/12 scaled landing gears. Figure 11 shows the SPL value that is normalized with acoustic analogy theory (the 6th power law), as P normalized P log 1 a (3) where Ma is the Mach number. It can be seen that the normalized SPL results are comparable, in terms of spectral amplitudes and shape. Figure 12 shows the same normalized results at = 40 m/s. The frequency range (f) is normalized to the Strouhal number, t fD , where D is the landing gear wheel diameter. 
Conclusions
In this work, the test section of the closed-section wind tunnel was carefully lined to absorb background noise and suppress multipath reflections. The overall experimental SNR is thus improved for aeroacoustic imaging tests. The details of the associated acoustic modification and aeroacoustic imaging method have been described in this paper.. In summary, this work successfully demonstrates the proposed aeroacoustic test method in the closed-section wind tunnel. The same anechoic treatment and experimental method could be considered to extend aerodynamic test capabilities of most existing closed-section wind tunnels for aeroacoustic applications. Then, it is possible to conduct flow visualization experiments along with acoustic visualization experiments in the same test facility. This is another benefit of the proposed experimental method. The resultant experimental outcomes, which include narrowband acoustic images and broadband spectra, help to validate computational aeroacoustic results and improve the physical insights of flow-induced noise. Eventually, the experimental technique in closed-section wind tunnels provides indispensable assistance in silent aircraft designs.
